Basic characters of the elementary hyperon photoproduction process are clarified. Novel aspects of photoproduction of hypernuclei are demonstrated by choosing typical medium-heavy nuclear targets, which should provide an important opportunity of studying dynamical coupling between a hyperon and nuclear core excitation.
Introduction
In the spectroscopic study of hypernuclei, the γ-ray measurements in recent years have achieved a great success in providing us with remarkably high resolution data on their energy levels 1 . However, it is not always easy to produce hypernuclei abundantly enough to make such measurements possible, in view of the practical kinematical conditions. As for the reaction spectroscopy, there are many challenges to be done for investigating hypernuclear structures. Recently the photo-/electro-production of hyperons and hypernuclei has attracted much attention in strangeness nuclear physics. First, the high-energy electron beams became available at the Jefferson National Laboratory (JLab) and its beam intensity is so high that can overcome practically the small hyperon production cross sections. In addition to the elementary process experiments, the first experiment on the nuclear target, 12 C(e, e K + )
12
Λ B, was successfully carried out 2 , providing a promising result which is consistent with the theoretical calculation 3 .
Secondly, the photoproduction of hypernuclei has a characteristic novel merit of exciting unnatural parity high-spin states which cannot be reached through the (K − , π − ) and (π + , K + ) reactions. Another merit to be added is to convert a proton into Λ so that proton-defficient mirror hypernuclei are produced. Next, an emphasis should be put on the energy resolution of the electroproduction which is expected to be several times better than the secondary mesonic beams: the former typical value is ∆E 0.5 MeV 4 , whereas the latter best value is 1.45 MeV in the KEK-SKS achievement 5, 6 . In this report, first we discuss basic properties of hyperon photoproduction process and, secondly, theoretical predictions are demonstrated by choosing medium-heavy nuclear targets such as 28 Si and 40 Ca. Determination of energy position of typical high-spin states with unnatural parity helps us test various models of Y-N potential models 7 .
Kinematics and Nature of the γp → ΛK + Reaction
Characteristics of hypernuclear production reaction depend basically on the magnitude of the momentum transfer and the nature of the elementary amplitudes describing the hyperon photoproduction process. First we compare the n(
tions. In Fig. 1 the hyperon recoil momenta q Λ in these reactions are plotted as a function of the projectile momentum. It is well known that the small values of q together with the spin-nonflip dominance leads to the selective excitation of hypernuclear natural parity states with maximum aligned angular mo-
It is interesting to see that the momentum transfer q Many theoretical attempts have been made to describe the elementary hyperon photoproduction processes. In the hypernuclear calculations, we adopt four isobaric models denoted hereafter as Adelseck-Wright (AW2) 11 , Adelseck-Saghai (AS1)
12 , Williams-Ji-Cotanch (C4) 13 and Saclay-Lyon A (SLA) 14 . In Fig. 2 we show how well these theoretical amplitudes reproduce the experimental differential cross sections at a fixed kaon scattering angle. Predictions of all models are in good agreement with the data for energies up to 1.4 GeV, but for the higher energies the 3 models AW2, AS1, and C4 deviate remarkably from the new SAPHIR data 10 (triangle data points) which were not included in the fitting procedure. In the present hypernuclear calculations the cross section estimates are performed at E uncertainty in predicting the hypernuclear production rate with this model. Next we emphasize that the unique character of hypernuclear photoproduction comes from the spin-flip dominance. The elementary transition matrix for γp → ΛK + can be expressed in terms of four complex amplitudes (f 0 , g 0 , g 1 , and g −1 ) defined in the lab frame of Fig. 3 as:
Here x and 0 denote the unit vectors describing the photon polarization and σ m is the Pauli spin operator for the baryon. The amplitudes are normalized as follows:
where the energies, momenta, and angle are all in the laboratory frame. In order to demonstrate the spin-flip dominance, we list in Table 1 the squared magnitudes of the four complex amplitudes. One sees that, at small angles concerned here, the spin-dependent amplitudes
. . Figure 3 . Hyperon photoproduction kinematics in the laboratory frame dominate over the the spin-nonflip one (f 0 ). Although all of the models were obtained in fitting to the available scattering data, one also notices that these amplitudes are considerably different from each other. Especially these models predict very different polarization values, respectively, for which the experimental data are very few. We remark that the important two factors in the elementary process -its large momentum transfer and spin-flip dominance -give rise to the selective excitation of hypernuclear high-spin states with unnatural parity. Table 1 . Magnitudes of the spin-independent (f 0 ) and spin-dependent amplitudes (g's) in units of nb/sr/GeV 2 . The evaluation is made at E lab γ = 1.3 GeV. The laboratory cross sections are in µb/sr. As the proton shells are closed up to (0d 5/2 ) 6 p , the final hypernuclear states are described, respectively, with 1p-1h configurations [(nlj)
GG GG
Λ ] J . For the single-particle wave functions, we employ the DDHF solutions so as to be as realistic as possible. The calculated cross sections are summarized in Table 2 . The charcteristic result to be emphasized first is the selective excitation of the highest-spin state within each 1h-1p multiplet. In fact one sees in Table 2 that the [d Table 2 reactions. This is attributed to the spin-flip transition dominance in the elementary hyperon photoproduction reaction. It is also noted that, in the other combinations such as [j
, the highest spin is limitted to J max = l N + l Λ and accordingly the natural parity (−) lN +lΛ .
The numerical results of Table 2 are schematically shown in Fig. 4 where relative strengths in each J-multiplet are easily understood. 
Use of the (sd) n Full Space Wave Functions
Here we use sophisticated wave functions solved in the (0d 5/2 0d 3/2 1s 1/2 )
11,12 pn
full space for 27,28 Si. It is remarked that the use of such detailed wave functions should predict several new but minor states in addition to the pronounced peaks which are predicted in the simplified configuration.
In order to predict a realistic strength function for the 28 Si(γ, K + )
28
Λ Al reaction, one has to take the empirical proton-hole widths into account, although they are not always available. Figure 6 shows the result where Table 2 ) well persist also in the new estimates. It is quite interesting to note that, for the major peaks, the use of the full space wave functions result in the reduction of the cross sections by a factor of about 0.65 in comparison with the single-j estimate with (0d 5/2 ) 6 p . It should be also remarked that two pronounced peaks obtained at
structure, respectively. As the hole-particle interactions for high-spin states are generally very small, the energy difference between these two peaks, if separated experimentally, provides us the spin-orbit splitting of the Λ p-state.
The third major doublet obtained at E Λ ∼ 0 MeV includes the unnatural parity highest-spin state [d position is not so high above the threshold, then this peak width might be sharp enough to be identified in the experiment with the good energy resolution expected at JLAB. As the partner has the dominant structure of
/2 ] 4 + and the ΛN particle-hole interactions in high-spin states are very small, the energy difference between these two peaks is almost equal to the spin-orbit splitting of the d-state Λ. Thus the photo/electro-production reaction will provide a nice opportunity of looking at such splittings in heavy systems if the energy resolution is good enough.
The present treatment is a direct extension of that for p-shell hypernuclear photoproduction calculation 3 where always the full p-shell wave functions have been easily employed. For the readers' reference, Fig. 7 shows the the calculated spectrum for the 12 C(γ, K + )
12
Λ B at E γ = 1.3 GeV. This is the update of the former prediction 3 by using here the NSC97f ΛN interaction and the smaller smearing width. This prediction has been confirmed in very good agreement with the recent 12 C(e, e K + )
In the case of p-shell hypernuclear production, the involving particles in the low-lying state are in the s-and p-orbits, so that the 'high-spin' selectivity mentioned above is realized as the transitions with ∆J = ∆L + ∆S = 2 − , 2 + , and 3 + . It is worthwhile to remark that in Fig. 6 
Photoproduction with the 40 Ca and 52 Cr targets
The next sample target is 40 Ca which is doubly LS-closed up to the 0d 3/2
shell, so that the situation is different from the 28 Si case because 40 Ca has the uppermost proton orbit of the j < -type. Therefore the highest spin in
so that this restriction of the angular momentum transfer makes the latter cross sections much smaller. This situation of the j < -closed shell explains why the dominant peak series consists of the natural parity 2 + , 3 − , and 4 + states accompanied with minor side peaks of the 1 + , 2 − , and 3 + states, respectively (See Fig. 8 ). The broad background reflects the strengths originating from the proton 0d 5/2 shell which has the spreading width of several MeV. With this doubly LS-closed target, the photoproduction reaction might give a nice example of showing up the Λ single particle energies with good resolution. In the case of the target 52 Cr, which has four protons in the uppermost j > = 0f 7/2 shell and the neutron is jj-closed, the dominant peak series consists of the unnatural parity [f 52 Λ V will be reported elsewhere. See also the report 16 .
